In the present paper, a series of totally novel bio-nanocomposite films from cellulose laurate (CL) and starch nanocrystals acetate (SNA) were fabricated, and the properties of nanocomposite films were investigated in detail. SNA was obtained by modifying starch nanocrystals (SNs) produced by sulfuric acid hydrolysis of corn starch with acetic anhydride. The favorable dispersity of SNA in chloroform made it ready to convert into nanocomposite films with CL via casting/evaporation method. The transmittance, thermal behavior, mechanical properties, barrier properties and hydrophobicity of CL/SNA nanocomposite films were investigated with UV-vis spectrophotometer, simultaneous thermal analyzer (STA), universal tensile tester/dynamic thermomechanical analysis (DMA), water vapor permeation meter/oxygen permeability tester, and contact angle tester, respectively. The transmittance of nanocomposite films decreased with the increase of SNA content. Thermogravimetric analysis (TGA) results showed that the introduction of SNA into CL matrix did not severely decrease the thermal behavior of CL/SNA nanocomposites. Moreover, non-linear and linear mechanical analysis reflected the enhancement of SNA. At lower contents of SNA (<5.0 wt%), the values of Young's modulus, tensile strength and the elongation at break of nanocomposite films were comparable with those of neat CL. However, with the increase of SNA, the Young's modulus and tensile strength were improved significantly and were accompanied by the decreased elongation at break. The water vapor
the transmittance, thermal, mechanical, and barrier properties of CL/SNA nanocomposite were investigated in detail.
Experimental Section

Materials
The cellulose used was microcrystal cellulose (MCC) powder (OurChem, DP = 235). Special grade trifluoroacetic anhydride (TFAA) and lauric acid were used for the acylation of cellulose. Corn starch (S) was used as supplied from Sinopharm Chemical Reagent Co., Ltd, China. Reagent grade sulfuric acid, sodium hydroxide, acetic anhydride, chloroform, and other reagents were used without being further purified.
Fabrication of SNs
SNs were prepared by acid hydrolysis of corn starch according to references [23, 24] . Corn starch powders were mixed with 3.16 M H2SO4 solution at a starch concentration of 20 wt% in a flask. The suspensions were then continuously stirred at 100 rpm under 40 °C. After five days of hydrolysis, the suspensions were washed by successive centrifugations in distilled water until neutrality was achieved. The SN precipitate was ultrasonically homogenized in an aqueous solution and then the SN suspension was freeze-dried under vacuum.
Synthesis of SNA
SNs (2.0 g), acetic anhydride (18 mL) and sodium hydroxide 50 wt% solution (5.0 mL) were mixed and refluxed for 15 min at 150 °C. The reaction mixture was added to cold water to precipitate, and the product was collected by normal filtration, washed repeatedly with water and freeze-dried under vacuum. Then, SNA was prepared.
Preparation of CL/SNA Nanocomposite Films
CL was synthesized following the method described in reference [2] with some modifications. TFAA and lauric acid (molar ratio of fatty acid to TFAA was 1.1:1.0) were mixed together in a 250 mL three-neck flask equipped with a condenser and stirred mildly at 50 °C for 20 min to form the mixed acid anhydride. Pre-dried MCC powder (molar ratio of TFAA to MCC was 3:1) was added to this solution and stirred mildly at 50 °C for 5 h. The reaction mixtures were poured into an excess amount of ethanol, and the precipitates were filtered and washed with methanol (50 mL per gram of MCC) three times at 60 °C. Finally, the polymers were dried at 50 °C for 24 h under vacuum to yield products. The degree of substitution (DS) of CL was 2.68 according to 1 H NMR. The nanocomposite films were manufactured by casting/evaporation technique using chloroform as solvent. The desired amount of SNA was dispersed in chloroform without any other reagents by vigorously stirring and then by ultrasonication for 30 min to obtain a homogeneous suspension. CL was dissolved in the SNA suspension with vigorous stirring for 1 h and then ultrasonicated for 5 min to achieve a dispersion of SNA in the matrix. The concentration of CL in chloroform was 0.5 g/g. Subsequently, the mixture was cast into a Petri disk and the solvent was evaporated at ambient temperature for 24 h. In order to evaporate chloroform completely, the disk was removed to an oven at 50 °C under vacuum for another 4 h. The CL/SNA nanocomposite films, with 1.0, 3.0, 5.0, 7.0, and 10 wt% of SNA, were labeled as CL/SNA01, CL/SNA03, CL/SNA05, CL/SNA07, and CL/SNA10, respectively. The thickness of the obtained films was about 120-140 μm.
CL film was fabricated by casting/evaporation technique using chloroform as solvent in a similar procedure as preparation of CL/SNA nanocomposite films.
Analytical Methods
Fourier Transform Infrared Spectrometer (FTIR)
FTIR spectra for all samples were measured on a PerkinElmer Spectrum 100 (PerkinElmer, Waltham, USA) using the KBr pellet technique for all samples. KBr tablets were dried at 105 °C for 1 h to remove moisture prior to the measurement.
Characterization of SNs Particles
Particles size and particle distribution of SN were measured on a Zetasizer Nano ZSP (Malvern Instruments Ltd., Malvern, UK). SNs particles (0.1 g) were added into 10 mL deionized water to form suspension in the concentration of SNs about 0.01 g/mL, and then 1.5 mL liquid was added to the sample cell for the measurement. Light transmittance of the films was measured using an SP-721E UV-vis spectrophotometer (Spectrum Instrument Co., Ltd., Shanghai, China). Transmission spectra of the films were recorded using air as reference.
Thermogravimetric Analysis
Thermogravimetric analysis for all samples was conducted on a STA (449F TG/DSC, NETZSCH, Selb, Germany). The samples were heated from 30 °C till 600 °C at the heating rate of 10 °C/min. All samples were in a 50 mL/min flow of Ar.
Tensile Analysis
The tensile strength and elongation at break of the films were measured on a universal tensile tester (TS7104, SANS, Shenzhen, China) according to GB/T 1040.3-2006 at a speed of 5.0 mm/min. All of the tests were performed at 23 °C and 40% relative humidity (RH). The specimens were in a rectangular shape with a dimension of 60 mm × 10 mm × (0.12-0.24) mm. The length between two grips was set as 30 mm.
Dynamic Mechanical Analysis (DMA)
DMA measurements were performed on a NETZSCH DMA 242 apparatus (NETZSCH, Selb, Germany) operating in tensile mode at a frequency of 1 Hz over the temperature range −55 °C < T < 150 °C in a heating rate of 5 °C/min. Specimens with gauge width and length 5 mm × 24 mm were cut out from the CL or CL/SNA casting films.
Contact Angles Measurements
Contact angles of on film surfaces for water droplets were measured at 23 °C and 50% Relative humidity (RH) on contact angle instrument (XG-CAMA, Xuanyichuangyi Industrial Equipment Co., Ltd., Shanghai, China). A water droplet of 4 μL was dropped onto the films and the images were taken after 15 s.
Barrier Properties Measurements
The oxygen permeability of the films was determined at 23 °C and 40% RH using a VAC-V2 (Labthink, Jinan, China) under standard conditions (GB/T 1038-2000).
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where PO2, Oxygen permeability in mL·cm·cm Water vapor permeability (WVP) was determined gravimetrically according to the standard method GB 1037-88 with moisture analyzer (STW-801L, Labstone, Guangzhou, China). The films were fixed on top of test cells containing a desiccant (Anhydride Calcium Chloride, CaCl2). Test cells then were placed in a relative humidity chamber with controlled temperature (23 °C) and relative humidity (90% RH). After steady-state conditions were reached, the weight of test cells was measured after 24 h. All the tests were performed in triplicate at 1 atm and WVP was reported as the average of these three values. The WVP was determined as:
where WVP, Water vapor permeability in g·cm·cm
; Δm, Weight change in g; Δt, The exposure time in the chamber in s; A, Test area in cm 2 ; d, Thickness of film in cm; Δp, Partial pressure difference across the films in Pa.
Results and Discussion
Synthesis and Characterization of SNA
From the molecular structure of SNs point of view, the hydrophilic nature of SNs made it disperse well in polar solvents (e.g., Water) rather than in non-polar solvents (e.g., Chloroform). However, the neat CL dissolved in chloroform readily. Thus, it was necessary to modify SNs further and to obtain well-dispersed derivative in chloroform. Starch nanocrystals acetate (SNA), via acylation of SNs with acetic anhydride, can meet this requirement.
3.1.1. FTIR Figure 1 shows the FTIR spectra of the S, SN and SNA powders. There was no distinct difference between spectrum of S and SN, which indicated that the chemical structure of S and SN had no substantial change during fabrication of SN from S. However, there is a new small distinct peak located at 1736 cm −1 in the spectrum of SNA, which is attributed to the C=O stretching of the carbonyl group in the ester bond. This indicated that some of hydroxyl groups have been substituted by acetate. However, the absorption above 3000 cm −1 , assigned to O-H stretching, did not decrease observably. This suggested that the degree of substitution was relatively low, and it was enough to improve the dispersity of SNA in chloroform, which was confirmed in the next section. Because SN could disperse uniformly in water, it was possible to determine their particles' size and distribution in DI water. Figure 3 shows the results of particle distribution of SN in DI water. Most of SN particles' radius was in the range of 25-35 nm (the fraction was >50%). Additionally, all of the diameter was in the range of 40-110 nm. The particle size of SN prepared in the paper from corn starch was in good agreement with the previous results [23, 25] . 
Properties of CL/SNA Nanocomposite Films
Light Transmittance of CL/SNA Nanocomposite Films
The UV-vis transmittance spectra of the films at visible wavelength range of 400-800 nm are shown in Figure 4 . The transmittance of all nanocomposite films at any wave length within 400-800 nm was more than 50%, except for 7.0% and 10% SNA loaded. The transmittance of nanocomposite films with 1.0, 3.0, 5.0, 7.0 and 10.0 wt% SNA at 400 nm were 68.2%, 65.7%, 55.7%, 50.0% and 46.8%, respectively, whereas 69.6% for a neat CL film. The transmittance of CL/SNA10 was a little higher than 50% at 800 nm; however, the value decreased to 46.8% at 400 nm. These results indicated that the increase of SNA content may affect the dispersion state of SNA in CL matrix, further deteriorating the transparency of CL film. The similar results were reported by Nogi et al., when they investigated the transmittance of neat cellulose nanocrystal films [26, 27] . The decreased transmittance with increase of SNA content in CL matrix can be explained by the formation of fewer agglomerates in the nanocomposite and light scattering at interface between SNA-rich and CL-rich phases. 
Thermogravimetric Analysis (TG)
TG and derivative thermogravimetric analysis DTG curves of CL/SNA, SNA, and neat CL are shown in Figure 5 . From Figure 5 , SNA displayed two thermal loss behaviors at ca. 100 °C and 319 °C, respectively. The first loss behavior was belonging to dehydration of adsorbed water, which indicated that SNA has a certain degree of hydrophilicity. FTIR results had confirmed that the DS of SNA was low, and there are a lot of OH groups on SNA. The second loss behavior began from ca. 250 °C and an incipient temperature at ca. 319 °C, which assigned to the thermal decomposition of SNA. For neat CL, the beginning decomposition temperature was about 300 °C and a peak temperature at ca. 375 °C. However, by comparison with DTG curves of SNA and neat CL, it was found the decomposition behavior of CL/SNA nanocomposites was different from that of SNA and CL. As seen in Figure 5b , all the CL/SNA nanocomposites displayed two DTG peaks, ~319 °C and ~375 °C, but they did not show a dehydration peak at ca. ~100 °C. It was safe to say that the SNA loaded in CL/SNA nanocomposites results in the lower peak (~319 °C). After the decomposition of SNA, the CL in nanocomposites began to decompose at a higher temperature. The temperatures at the maximum degradation rate of CL/SNA nanocomposites were almost the same as the neat CL, which indicated that the load of SNA in CL only slightly affected the thermal behavior of CL/SNA nanocomposites. Additionally, the final char percentage increased with the increase of SNA content. 
Mechanical Properties
The SNA as a reinforcing phase in the CL matrix has been evaluated from a mechanical point of view, both in the non-linear (tensile tests) and linear (DMA) range.
Tensile Tests
Typical stress-strain curves of the CL/SNA nanocomposite films and neat CL under uniaxial tensile at 23 °C are shown in Figure 6 . Three measurements for each sample were carried out, and the average values of the tensile strength (σb), Young's modulus (E) and elongation at break (εb) were calculated and summarized in Table 1 . Figure 6 . Typical stress-strain curves of the CL/SNA nanocomposite films under uniaxial tensile at 23 °C. Table 1 shows the evolution of the σb, E and εb as a function of SNA content in CL/SNA nanocomposite films. For neat CL film, the σb, E and εb were 59.5 MPa, 200.08 MPa and 36.5%, respectively. These values were in consistent with the other authors' results [8] . Compared with neat CL film, CL/SNA01 with lower SNA loaded, showed comparable σb and εb, whereas higher E. With the increase of SNA content, the enhancement of σb and E was based on the expense of elongation at break. For instance, the σb and E of CL/SNA05 increased to 65.4 MPa and 330.09 MPa, respectively, and the εb decreased to 28.3%. This result was different from the previous reports about cellulose ester based nanocomposites. Yang et al. found that these values were improved to varying degrees, when they investigated properties of cellulose acetate modified with cellulose nanocrystals [28] . The difference might result from the different appearance of SNs and cellulose nanocrystals. For most cellulose nanocrystals, the L/D ratio was more than 20 [29] . However, the L/D ratio for SNs was far smaller than the former value [10] , and the SNs looked like round particles and a decrease of elongation with the increase of SNA in the matrix was observed. Furthermore, higher SNA loading level resulted in a decrease of the elongation due to the self-aggregation of SNA, and similar results were reported by other authors [16, 21, 22, 30] . The above results indicated that there might be an underlying structure whose formation controls the tensile performance evolution with SNA content. The reinforcing effect of SNA may ascribe to the formation of a hydrogen bonded percolating filler network above a given SNA content corresponding to the percolation threshold. However, as described by Dufresne et al., the percolation theory is difficult to prove for polymer matrix with starch nanocrystals because the connecting particles should be starch clusters or aggregates with ill-defined size and geometry [10] . Dynamic Mechanical Analysis (DMA)
The evolution of storage modulus E' and loss factor tanδ as a function of temperature is presented in Figure 7 . Figure 7a shows that the neat CL has a storage modulus of 380 MPa at −50 °C. The storage modulus of CL/SNA nanocomposites increased with increasing of SNA contents. All the storage modulis of the nanocomposites were higher than the neat CL in the temperature range from −50 °C to 150 °C. The results indicated that the well-dispersed SNA stiffen the CL matrix. This reinforcing effect of SNA was believed to be attributed to the formation of a percolating starch nanocrystals network through hydrogen linkages between starch nanoparticles clusters [31] . For the neat CL, the shape of tanδ peak suggests that Tg was about 88 °C, which was comparable with the Tg of cellulose tri-laurate reported by Vaca-Garcia et al. [32] . The shape of tanδ of CL/SNA05 was the same as CL, and the Tg value was also nearly the same. However, the tanδ peak of CL/SNA10 displayed two overlapping transitions, the first one at around 88 °C and the second one increased to 118 °C. The first peak assigned to the Tg transition of CL, the second was attributed to the relaxation transitions of the SNA rich domain, which hindered lateral rearrangements of CL chains and crystallization of CL films with higher SNA content [33, 34] .
Contact Angles of CL/SNA Nanocomposite Films
The change in surface polarity from the CL to CL/SNA nanocomposites was evaluated with static water contact angle measurements (Figure 8 ). The neat CL film presented a high contact angle value of 92° (which was close to the results from Crépy [8] ), as expected due to the hydrophobic character of CL. The contact angles decreased with the increase of SNA contents. However, when the content of SNA increased from 0 wt% to 7.0 wt%, the contact angle decreased by only 6°. With a further increase of content of SNA in CL to 10 wt%, the value decreased rapidly, from 92° to 82°. The dispersion state of SNA in CL may explicate the above results. When small amount of SNA were added, the SNA particles were coated by CL, and SNA were uniformly dispersed in the matrix. Thus, the surface of nanocomposite films was nearly the same as that of the neat CL, and the contact angle changed negligibly (for CL/SNA05, the value was 91°). Whereas, when the content of SNA increased to 10 wt%, some SNA particles were not completely coated by CL, and there were some independent or aggregated SNA particles on the surface of nanocomposite films. Furthermore, due to the low DS of SNA (as discussed in former sections), there was a considerable amount of OH groups on SNA, and moisture absorption of the polar bonds was non-negligible. Thus, the hydrophobicity of CL/SNA nanocomposite films was inferior to that of neat CL, when the SNA content exceeds 5.0 wt%. Oxygen and water vapor permeability (WVP) are two important parameters for packaging materials [35] . Table 2 lists the oxygen and water vapor barrier properties of the CL/SNA nanocomposite films. For neat CL, the WVP and PO2 was 8.85 × 10 for the 1.0 wt%, 5.0 wt%, 7.0 wt% and 10 wt% loading of SNA, respectively. With the increase of SNA content, PO2 reduced by 2%, 8%, 9.5%, and 10.3% for CL/SNA01, CL/SNA05, CL/SNA07 and CL/SNA10, respectively. It was obvious that the barrier properties of the nanocomposite films were significantly improved by the addition of SNA. The similar results were observed by Angellier et al., when they investigated permeability of rubber with waxy maize SNs as nanofillers [15] . Generally, water vapor transmission through a film depends on both diffusivity and solubility of water molecules in the film matrix. At lower SNA contents, the better dispersion and lower aggregation of SNA particles occurred, contributing to generate a tortuous path for the passage of water molecules evoking a decrease in WVP [36] . Thus, the presence of SNA led to the increase of the tortuosity in the CL matrix and slows down water vapor diffusion processes and to a lower WVP. For oxygen, on the one hand, the platelet-like structures of the SNA stand in the way of the oxygen molecules, increasing the tortuosity of the diffusion path. On the other hand, the formation of a hydrogen bonding network between SNA and CL induces an increased residence time of the oxygen molecule and the resulting low permeability, which had been confirmed by Dou et al. when they investigated the barrier property of layered double hydroxide/cellulose acetate [37] . The results indicated that improvement in CL/SNA nanocomposite film barrier properties depended on the occurrence of intercalation or exfoliation [38] .
Conclusions
In the present paper, SNs were obtained by sulfuric acid hydrolysis of corn starch. After surface modification of SNs with acetic anhydride, SNA, which was readily to disperse in chloroform, was attained. CL based bio-nanocomposites with SNA were converted into films using casting/evaporation technique. The transmittance of bio-nanocomposite films decreased with the increase of SNA content due to the formation of fewer agglomerates in the nanocomposite and light scattering at interface between SNA-rich and CL-rich phases. The thermal stability of CL/SNA nanocomposites was nearly similar to neat CL, even though the thermal property of SNA was inferior to neat CL. The tensile mechanical analysis exhibited that SNA did improve tensile strength and Young's module, however, a decrease of elongation at break at higher SNA loading levels (>5.0 wt%) in the present work. The thermal-mechanical analysis showed a good agreement with tensile mechanical analysis. Barrier properties of CL/SNA nanocomposite films showed that the addition of SNA led to an improvement of water vapor and oxygen permeability. For CL/SNA05, the nanocomposite film has relative high light transmittance (80% to neat CL film at 400 nm), improved Young's modulus and tensile strength, and comparable elongation at break, favorable hydrophobicity (contact angle was 91°), and a higher gas barrier property (PO2 and WVP decreased to 92% and 82.9% of CL film, respectively). By comparing the comprehensive properties of CL/SNA nanocomposites, SNA at the optimal 5.0 wt% loading level exhibited a higher reinforcing efficiency (higher Young's modulus and tensile strength, comparable elongation at break), improved WVP and PO2, and unchanged hydrophobicity.
